The Yamakogawa Rhyolite, which erupted in the early Quaternary period in central Kyushu, Japan, comprises seven units, three contain of which spatter and stretched pumice. Our fieldwork shows that these are the deposits of strombolian fire-fountains and rheomorphic tuff. Such deposits derived from silicic magma have been previously described and still are controversial. Some of the reasons given for their formation were exclusively peralkaline composition and high-magmatic temperature. The chemical analyses of the Yamakogawa Rhyolite show nonperalkaline composition and low-magmatic temperature. Moreover, the mineral assemblage of the Yamakogawa Rhyolite suggests that its water content was indistinguishable from other rhyolitic deposits. This is the first report that demonstrates that eruption of silicic magma as fire-fountain and pyroclastic flow with rheomorphism is not, necessarily, restricted to peralkaline composition, high-magmatic temperature and low-water content rhyolite.
Introduction
Silicic magma in general has been observed and interpreted to erupt as lava domes or large-scale pyroclastic flows associated with caldera forming events (e.g., Hildreth, 1979; Nakada and Fujii, 1993) . These eruption styles have been attributed to the high viscosity of silicic magma. However, in some cases, silicic magma has been interpreted as erupting and behaving as low viscosity magma, such as basaltic magma (e.g., Stevenson et al., 1993) and the products are interpreted as spatter deposits and rheomorphic pyroclastic deposits (terminology after . In general, spatter is produced by strombolian and Hawaiian style fountaining events and deposits are characterized by fountain-fed (clastogenic) lavas and spatter cones and ramparts such as 1986 eruption of Izu-Oshima volcano (Sumner, 1998) . Spatter rich pyroclastic flows have also been described by Mellors and Sparks (1991) and Valentine et al. (2000) . Fountaining events producing spatter are typical of mafic to intermediate low viscosity magmas. The question remains as to why silicic magma occasionally exhibits low viscosity behaviors. Three main reasons for silicic magma exhibiting low viscosity behavior have been documented; these are (a) peralkaline composition magma (Mahood, 1986 ), (b) high-magmatic temperature (Henry et al., 1989) , and (c) low-water content magma (Creaser, 1991) .
The Yamakogawa Rhyolite (Kamata, 1985; Aso and Watanabe, 1985) , which erupted in the early Quaternary period in central Kyushu, Japan, comprises seven units. Detailed lithofacies studies suggest three of which are strombolian fire-fountain deposits and rheomorphic pyroclastic flow deposits. The other four units are lava flows and pyroclastic flow deposits. The chemical analyses of these seven units show non-peralkaline composition, indicate low-magmatic temperature and the mineral assemblage indicates a water content that is typical for rhyolitic magma.
It is difficult to establish the eruption, transport and emplacement mechanism of the Yamakogawa Rhyolite, because of limited outcrop and because the primary textures are obscured by devitrification and spherulitization. However, the Yamakogawa Rhyolite offers insights into the emplacement history and eruption style of silicic spatter eruptions, because the emplacement mechanisms of such silicic deposits are poorly understood due to lack of examples. Such silicic deposits are recognized in many places in the world, indicating that this problem is not regional, but has a widespread geological occurrence. In this paper, we describe the lithofacies and geochemistry of the Yamakogawa Rhyolite and suggest a model to the eruption and emplacement of silicic spatter.
Geologic Setting
The Yamakogawa Rhyolite erupted in the early Quaternary period in central Kyushu, Japan (Fig. 1) . It is located within the Hohi volcanic zone, which traverses Kyushu Island in an ENE-WSW orientation and was dominated by volcanic activity during the Neogene and Quaternary (Kamata, 1989) . The rhyolite, comprising seven units, forming a plateau with a total thickness of 200 m (Kamata, 1997) . The basal part is not exposed. Yamada et al. (2002) reported whole-rock K-Ar ages of 1.22±0.02 Ma for the uppermost unit and 1.17±0.02 Ma for the basal unit of these deposits. We obtained paleomagnetic polarity data from the Yamakogawa Rhyolite in order to confirm the validity of the K-Ar age, and a single reversed polarity is observed from the entire unit. From the K-Ar ages and the paleomagnetic Kamata (1997) ). Inset figure shows the locality of the outcrops. The outcrops are mainly exposed along the Yamakogawa and the Tsuetategawa Rivers. data, the Yamakogawa Rhyolite erupted during a reversed polarity interval between the Jaramillo and Cobb Mountain subchrons, which corresponds to the upper part of C1r. 2 (Cande and Kent, 1992) . These K-Ar ages and paleomagnetic results show that eruption of the Yamakogawa Rhyolite erupted without significant dormant periods. The Yamakogawa Rhyolite is underlain by the Kamitarumizu Andesite, which gives K-Ar ages of 1.3-1.7 Ma and is a hornblendepyroxene andesite lava (Kamata, 1997) . It is overlain by the Aso-4 pyroclastic flow deposit, which erupted from Aso caldera and gives a K-Ar age of 0.09 Ma (Kamata, 1997) . The Yamakogawa Rhyolite is mainly composed of tuffs, lavas and welded-agglutinate deposits. No lateral variation was observed in the lithofacies, because the deposits are poorly exposed, being visible only in road cuttings and on dissected steep slopes along the Yamakogawa and the Tsuetategawa Rivers. However, these steep slopes provide a good opportunity to investigate vertical changes in lithofacies.
The Yamakogawa Rhyolite
The Yamakogawa Rhyolite is composed of seven units (unit A to G) divided into two non-welded deposits and five intensely welded deposits (Fig. 2) . Whole-rock chemical analyses show that most of the Yamakogawa Rhyolite is rhyolitic composition (Unit A, C, D, E, G), with minor dacite (Unit B) ( Table 1) . Units B and F are non-welded and show stratification, degassing pipes (Aso and Watanabe, 1985) , and cross lamination, supporting a pyroclastic flow or pyroclastic surge origin. Units A and C are intensely welded and show flow folding and ramp structures suggesting a lava flow origin. There is, however, a possibility that these units are not lava flows: Sumner and Branney (2002) describe similar structures occurring in rheomorphic ignimbrites and propose that their true origin may be discernible only by tracing the lateral and sourceward variations across well-exposed ground.
The eruption style and depositional mechanism of the other three intensely welded deposits (units D, E, and G) are difficult to determine. This is because (1) their primary structures are obliterated by rheomorphism after accumulation, (2) post-depositional devitrification and widespread development of spherulites overprint primary welding textures and groundmass textures, and (3) observations in the field were thwarted due to lack of good outcrop. Units D, E, and G, which show enigmatic lithofacies for rhyolitic deposits, are the subjects of this paper.
Unit D
Unit D is at least 80 m thick; the basal part is not exposed. It is chiefly exposed along the Yamakogawa River. It comprises a welded middle part, an upper non-welded part, and an interbedded non-welded subunit.
The middle part of unit D is massive, non-vesicular and shows streaky texture ( Fig. 3(a) ) typical of rhyolitic lava flow deposits. The streaking is produced by an alternation of intensely reddish layers and white-altered layers. It shows flow folding, which indicates plastic deformation. In microscopic observation, the phenocrysts are not broken suggesting an effusive rather than an explosive origin.
The upper non-welded part is enigmatic (Fig. 3(b) , locality 1). The lithofacies shows non-welded pyroclastic flow deposit with stratification. Included blocks are composed of massive and non-vesiculated lavas. They are typically flattened and partly show ropy structure. Several flattened blocks are adhered like welded agglutinate deposit (Fig. 3(b) ), with an appearance similar to the spatter piles presented in Wolff and Sumner (2000, figure 3 ).
The non-welded subunit is interpreted as an interbedded pyroclastic flow deposit (locality 2). Its thickness is approximately 1 m. This subunit contains several cored bombs approximately 5 cm in diameter within one outcrop (Fig. 4(a) ). These bombs have two parts, the center part is a circularshape block 3 cm in diameter, and the rim is volcanic ash.
There are two ideas for the formation of circular-shaped blocks in pyroclastic flow deposits: (1) The block was solid and was abraded during transportation. (2) The block was liquid and was deformed during transportation. If the block was solid and rounded by abrasion, it should be homogeneous. However, this block is heterogeneous. It is assemblage of some deformed clasts. The each clasts are approximately 3-5 mm in diameter. In microscopic observation, they are composed of a glassy rind and crystalline core indicating chilled margin. One of the clasts is shown in Fig. 4(b) . This texture is similar to the description for the spatter clasts of Valentine et al. (2000) and Mellors and Sparks (1991) . These indicate that the blocks were formed by collision and coalescence of spatter clasts and volcanic ash during transportation.
Unit E
The thickness of unit E is unknown, because its exposure along the Yamakogawa River is poor due to erosion (locality 3). In outcrop, this unit is composed of two laterally intergradational lithofacies (agglutinate lithofacies and lava lithofacies).
(1) Agglutinate lithofacies (Fig. 5(a) ): This outcrop is assemblage of clasts showing fluidal, contorted and flattened shapes. The individual clast size is approximately 100 cm in length and 5 cm in width. The lithofacies does not show stratification and lacks fine matrix. It indicates that this deposit is not accumulated from lateral flow. In microscopic observation, devitrification has strongly overprinted primary textures. These lithofacies and microscopic features resemble the welded-agglutinate deposit of Taylor Creek Rhyolite ( Duffield, 1990) . Therefore, these deformed clasts are interpreted to be fluidal spatter from fallout not pyroclastic flow.
(2) Lava lithofacies (Fig. 5(b) ): This lithofacies passes gradationally over several tens of cm's from agglutinate lithofacies. It is homogeneous and intensely welded. This lithofacies was probably formed by post depositional welding under the influence of in situ load and cooling rate.
Unit G
Unit G constitutes the uppermost unit of the Yamakogawa Rhyolite. It is exposed along the road cutting of the north face of the study area and is approximately 50 m thick.
The basal part is intensely welded, and spherulitization and devitrification prevent an observation of particulate condition. This part is characterized by streaky texture ( Fig. 6(a) , locality 4). Black lenticular streaks (length of < 2 m) are composed of obsidian. This texture is similar to that described by Henry and Wolff (1992) , with the obsidian streaks representing highly stretched pumice. In thin section, it is widely spherulitic, however, glass shards ( Fig. 6(b) ), broken phenocrysts and minor lithic fragments were observed, providing strong evidence of pyroclastic origin.
A detailed investigation of the middle and upper parts was impossible because of limited exposure and weathering (locality 5). The middle part is characterized by flow folding (Fig. 6(c) ). Its wavelength is unknown due to lack of outcrop. The upper part comprises lava-like lithofacies, which are intensely welded and lack fiamme (Fig. 6(d) ). The implication of pyroclastic origin is only from the occurrence of broken phenocrysts and minor accessory fragments. In this part, an interbedded-surge deposit (15 cm thick) is observed ( Fig. 6(d) ). This may also indicate that this unit is pyroclastic in origin. From these restricted geological and microscopic features, we interpreted that this unit was deposited by a pyroclastic flow and underwent rheomorphism (e.g., Henry and Wolff, 1992) .
Geothermometry
Electron microprobe analyses were performed on the phenocrysts in the least altered part on the Yamakogawa Rhyolite, to determine equilibration temperature, which can influence the mode of eruption.
Phenocrysts of the Yamakogawa Rhyolite are mainly composed of plagioclase, biotite, Fe-Ti oxides, and zircon. Hornblende occurs in the units A, B, and C. From these mineral assemblages, we obtained equilibration temperatures using plagioclase-hornblende geothermometry (Holland and Blundy, 1994) and Fe-Ti oxide geothermometry (Spencer and Lindsley, 1981) . The mineral compositions, which were used to calculate equilibration temperatures, are shown in Table 1 . The plagioclase-hornblende geothermometry are calculated from average rim compositions of both minerals. On Fe-Ti oxides, we avoided exsolved grains for geothermometry. Most Fe-Ti oxides, however, show significant exsolution. Therefore, calculated results may reflect the effect of subsolidus reequilibration. The results are shown in Ta- ble 2. This data shows that the equilibration temperature is approximately 780-880
• C. It shows that the temperature of the Yamakogawa Rhyolite is moderately high compared to typical rhyolitic magma, but not abnormally so. The temperature is consistent with the occurrence of biotite, which cannot exist in high temperature, in all of the units.
Discussion

Emplacement history
The emplacement histories of the units D, E, and G characterized by rheomorphism and spatter in the Yamakogawa Rhyolite are enigmatic. We propose a model for the emplacement of units D, E, and G as follows.
The deposits in unit D contain spatter suggesting deposition from fire-fountains. Flattened spatters occur in the middle part and adhered spatter clasts are contained in the upper part and subunit. Based on these lithofacies, two styles of eruption are considered. (1) It was erupted by strombolian fire-fountain, and the spatter is of fallout origin not the product of column collapse and pyroclastic flow. Valentine et al. (2000) reported that ballistically-emplaced strombolian spatter could incorporate ashy material as individual clasts role down cone slopes. In this case the fallout spatter would not be flattened as it is in Unit D. (2) Unit D is the deposit of a spatter-rich pyroclastic flow. If this unit accumulated by progressive aggradation , the flattened spatter is easily explained. When the spatter clasts come into contact with aggradational surface, some ash adheres to them. The spatter is stretched and folded as it is dragged along the aggradational surface by the overriding current. This mechanism is supported by gradational lithofacies change of unit D into a typical pyroclastic flow deposit, which has an intensely-welded middle part and non-welded upper part. However, determination of progressive aggradation must be done very carefully. In the Yamakogawa Rhyolite, the lateral variation is poorly exposed. Therefore, we cannot assert positively that the deposit was accumulated by progressive aggradation.
The unit E is assemblage of deformed clasts interpreted as spatter. The lithofacies lacks fine matrix and stratification. These indicate that this unit is not a deposit from a lateral flow. Shape of the each clasts is preserved except for homogeneous part causing post depositional welding. This shows that this deposit is not underwent significant rheomorphism such as fountain-fed lava. From these characteristics, we interpreted that this deposit is welded agglutinate from stromborian fire-fountaining (e.g., Duffield, 1990; Turbeville 1992 ).
In the unit G, it is difficult to determine the emplacement mechanism because of their poor exposure and weathering. However, keys to determine the mechanism are preserved in the basal part. The basal part is intensely welded. Spherulitization and devitrification prevent an observation of particulate condition. This part includes highly stretched obsidian lens interpreted as pumice origin, very minor glass shards, broken phenocryst and minor lithic fragments. These indicate that this deposit is evidently pyroclastic origin (Henry and Wolff, 1992) . Flow folding and lava-like lithofacies are developed in the upper part of this unit. From these characteristics, presumable emplacement mechanism is rheomorphic pyroclastic flow (e.g., Schmincke and Swanson, 1967; Chapin and Lowell, 1979; . However, we cannot assert the emplacement mechanism positively because of poor exposure of lateral variation.
From these emplacement mechanisms, we propose the following eruption styles. We envisage that the eruptions as low-playing columns such as a boil-over type pyroclastic flows or strombolian fire-fountains. Smith and Cole (1997) suggested that these types of eruption lose less heat through mixing with atmosphere than plinian columns and temperatures remain high within the resultant pyroclastic flow. By these mechanisms, the Yamakogawa Rhyolite could produce spatter, which could deform plastically during transportation, and pumice, which could be sheared just before emplacement of the pyroclastic flow.
Causes of the eruption style
In general, due to its high viscosity, rhyolitic magma erupted as lava domes and large-scale pyroclastic flows associated with caldera forming events. However, the lithofacies of the Yamakogawa Rhyolite suggest emplacement from strombolian fire-fountains and pyroclastic flows with rheomorphism. These styles suggest the eruption of low viscosity magma, despite a rhyolitic composition. Similar cases are previously reported as extensive silicic lava (e.g., Bonnichsen and Kauffman, 1987) , rheomorphic ignimbrite (e.g., , and fountain-fed lava (e.g., Duffield, 1990) . Eruption styles have been attributed to peralkaline composition (Mahood, 1984) , high-magmatic temperature (Henry et al., 1989) , low-water content (Creaser, 1991) , and high-fluorine content (Duffield, 1990) .
At the Yamakogawa Rhyolite, the chemical analyses (Table 1) show non-peralkaline composition (peralkaline is molecular Na 2 O+K 2 O/Al 2 O 3 >1). Moreover, presence of biotite is consistent with the non-peralkaline composition. An example of similar eruption style with non-peralkaline composition has also been reported (Chapin and Lowell, 1979; Henry et al., 1989; . However, they document other mechanisms, which favor such eruption styles. These are high magmatic temperature and low-water content. The geothermometry of the Yamakogawa Rhyolite (Table 2) indicates that the magmatic temperature is not unusually high compared to typical rhyolitic magma. Spera (2000) showed that the eruption temperature for rhyolitic magma is generally 750-1000
• C. This low temperature is consistent with occurrence of biotite in the entire units of the Yamakogawa Rhyolite. For example, Maaløe and Wyllie (1975) showed that biotite could not crystallize above approximately 880
• C at 2 Kbar for granitic magma, which is consistent with the composition and mineral assemblage of the Yamakogawa Rhyolite. Therefore, the Yamakogawa Rhyolite erupted at <880
• C. Regarding water content, the primary value is difficult to estimate, because magmatic water escapes from magma during eruption, transportation, and after emplacement. However, biotite cannot be formed under low-water conditions. Its occurrence indicates high magmatic water content for the Yamakogawa Rhyolite.
Conclusions
1) The stratigraphy of the Yamakogawa Rhyolite is composed of seven units including lava flow deposits, nonwelded pyroclastic flow deposits, spatter-rich pyroclastic flow deposits, welded-agglutinate, and rheomorphic tuff.
2) These units were deposited from low-playing columns such as boil-over type pyroclastic flow or strombolian fire-fountains.
3) All the units of the Yamakogawa Rhyolite were erupted in conditions of non-peralkaline composition, lowmagmatic temperature and probably high magmatic water content.
In this report, we cannot constrain the conditions causing the eruption styles. However, we show that peralkaline composition, high-magmatic temperature and low-water content are not always required to produce low viscosity behavior in rhyolitic magma.
